Dyslexia has been linked to a number of chromosomal regions including 15q. Recently a gene, EKN1, with unknown function in the linked region, was identified via a translocation breakpoint. This gene was further supported as a susceptibility locus by association studies in a Finnish sample. We investigated the possibility of this locus as a susceptibility gene contributing to dyslexia, analyzed as a categorical trait, and analyzed key reading phenotypes as quantitative traits using six polymorphisms including the two previously reported to be associated with dyslexia. In our sample of 148 families identified through a proband with reading difficulties, we found significant evidence for an association to dyslexia analyzed as a categorical trait and found evidence of association to the reading and related processes of phonological awareness, word identification, decoding, rapid automatized naming, language ability, and verbal short-term memory. However, association was observed with different alleles and haplotypes than those reported to be associated in a Finnish sample. These findings provide support for EKN1 as a risk locus for dyslexia and as contributing to reading component processes and reading-related abilities. Based on these findings, further studies of this gene in independent samples are now required to determine the relationship of this gene to dyslexia.
Reading skills are multidimensional and cognitively complex, with various component processes contributing to the development of word identification accuracy, reading fluency, and text comprehension. 1 Twin studies have suggested that there are both common and independent genetic influences on these processing components. [2] [3] [4] While early studies of developmental reading disability or dyslexia focused on deficits in visual processing based on the belief in the significance of letter reversals, current research led to the consensus that the primary deficit is language-based, resulting from significant impairment in the ability to identify and manipulate phonemes, the individual speech sounds that combine to form spoken words. The vast majority of individuals with dyslexia are far more deficient in single-word recognition and its component processes than in reading comprehension per se. Specifically, individuals with dyslexia have deficits in the precursor skills that underlie the development of single-word reading. These precursor skills include phonological coding, often measured by reading pronounceable nonwords known as 'pseudowords' (eg 'jup') and phoneme awareness, explicit awareness of individual speech sounds in the spoken word (tested by auditory-oral methods). Phoneme awareness deficits are thought to be an early core problem in dyslexia and can be demonstrated in children of dyslexic parents prior to kindergarten. 5 Phonological deficits have been demonstrated to persist into adulthood even when individuals with dyslexia attain some standard of literacy. 6 Many children who experience serious difficulty in learning to read have precursor problems in highly specific aspects of speech and language development. Prospective research studies have confirmed the relationship between early specific speech and language difficulties and later reading disabilities in childhood. [7] [8] [9] [10] The causal relationship between reading and general language ability has been the subject of some debate; 11, 12 however, relevant to genetic analysis of dyslexia is a twin study that supports shared genetic factors contributing to both. 12 This study of 6-and 7-year-old twins, chosen at the transitional stage of literacy development, supports shared genetic influences on general language ability, phonological awareness (blending, sound categorization, phoneme deletion), and literacy (single-word reading, spelling, prose reading, nonword reading, pseudohomophones) in both age groups, with a stronger influence of this common factor on phonological awareness and literacy with age. Additional covariance between general language ability, phonological awareness, and literacy was environmentally mediated. In both age groups, an additional genetic factor was specific to literacy. This study therefore supports genetic contributions that are both common and independent for general language ability and literacy.
In addition to problems with language development and phonological processing, individuals with dyslexia are often impaired in rapid access to and retrieval of the names of visual symbols. A deficit in rapid naming predicts longitudinal chronicity and is associated with deficits in reading fluency. 13, 14 Individuals with deficits in both phonological awareness and naming speed (double deficit) have been found to be more impaired on measures of singleword identification, nonword reading, and passage comprehension than individuals with deficits in only one of these areas. 15 Children with dyslexia often show deficits in performance tasks used to measure verbal short-term memory, such as reciting a string of orally presented numbers (digit span) or unrelated nonwords (nonword repetition). [16] [17] [18] The causal basis of this relationship is not clear. That is, reading problems may cause deficits in verbal short-term memory, or deficits in verbal short-term memory may contribute to difficulties in reading. Alternatively, there may be a common neurobiological substrate affecting the development of both cognitive processes.
Genetic linkage studies have found significant evidence for linkage or association of dyslexia to markers in the following chromosomal regions: 1p34-p36, 19, 20 31 The first linkage study for dyslexia reported linkage to the chromosome 15 centromeric region using chromosomal heteromorphisms. 21 This finding was followed by several studies also identifying evidence for linkage or association to markers on chromosome 15, but spanning a large region of the q arm. 22, 23 Evidence for linkage of spelling ability, a reading-related skill, was also reported for this region. 34 The linkage finding for dyslexia to this region, however, was not replicated in all studies, 19, 25, 35 including the first complete genome scan for dyslexia. 31 At this point, it is not clear if the failure to replicate is due to power, phenotypic (large families, age of the subjects, ascertainment strategy, ethnic composition) or locus heterogeneity.
Recently, a translocation breakpoint in a familysegregating dyslexia 36 was mapped between exons 8 and 9 of a gene of unknown function on chromosome 15q21. 37 This gene, named EKN1, appears to be a 420 amino-acid protein with three tetratricopeptide repeat motifs that suggest that this protein is likely to be involved in protein-protein interactions. 38 Screening of the exons of this gene in 20 subjects with dyslexia identified eight DNA variants, two of which were reported to be associated with dyslexia. The first is a G to A bp change located 3 bp 5 0 to the translation initiation codon, and the second a G to T change at codon 1249. 37 In this study, we examined the relationship of this gene to dyslexia, defined as a categorical trait, and key reading and reading-related processes using six markers in EKN1, including the two polymorphisms reported to be associated with dyslexia. 37 We genotyped a sample of 148 families identified through a proband with reading difficulties. We examined the alleles and haplotypes of these polymorphisms for evidence of biased transmission, using the transmission disequilibrium test (TDT). We also performed quantitative analysis of the reading phenotypes of phonological awareness, phonological decoding, single-word reading, spelling ability, and the readingrelated phenotypes of rapid automatized naming, expressive and receptive language ability, and verbal short-term memory.
Methods

Subjects
Subjects, 6-16 years of age, with evidence of reading problems were recruited for this study from local schools. All siblings in the same age range as the probands, regardless of reading ability, were recruited into the study.
Information about the symptoms of neurological, medical, and psychiatric disorders was obtained from a structured interview for parents, the Children's Interview for Psychiatric Syndromes (ChIPS), that screens for 20 psychiatric disorders as well as psychosocial stressors, 39 and from a semi-structured interview for teachers. 40 Subjects were excluded if they scored below 80 on both the Performance and Verbal Scales of the Wechsler Intelligence Scale for Children III, 41 or showed evidence of neurological or chronic medical illness, bipolar affective disorder, psychotic symptoms, Tourette Syndrome, or chronic multiple tics.
Reading, spelling, phonological awareness, and rapid naming skills were assessed with the Wide Range Achievement Test-III (WRAT-III), 42 the Word Attack, and Word Identification Subtests of the Woodcock Reading Mastery Test-Revised (WRMT-R), 43 and the Comprehensive Test of Phonological Processing (CTOPP). 44 The Spelling subtest of the WRAT-3 measures the ability to copy marks resembling letters, spell one's name, and write (ie spell) single words from dictation. The Reading subtest of the WRAT-3 is a standardized measure of single-word reading. The Word Attack subtest of the WRMT-R is a standardized measure comprising a total of 45 printed nonsense words (34 monosyllabic, 11 polysyllabic) to be read aloud, which assess the ability to decode 67 letter-sound categories (vowel patterns, consonant sounds) and syllabification. The Word Identification subtest is a standardized measure comprising 106 real monosyllabic and polysyllabic words of increasing difficulty.
Language ability was assessed with the Clinical Evaluation of Language Fundamentals-3rd Edition. 45 The Clinical Evaluation of Language Fundamentals, 3rd Edition (CELF-3), is a widely used standardized measure of receptive and expressive oral language skills, comprising several subtests that assess semantics and syntax. Three receptive subtests (concepts and directions; word classes; and sentence structure (for 7-8-year olds) and semantic relationships (for 9 years and older)) and three Expressive subtests (formulated sentences; recalling sentences, and word structure (7-8-year olds) and sentence assembly (9 and older)) were used.
The CTOPP is a comprehensive assessment of phonological awareness, phonological memory, and rapid naming, and has extensive norms. The Rapid Digit Naming subtest measures the speed at which an individual can name the 72 digits displayed on two pages. The Phonological Awareness composite score for 5-6-year olds is composed of the Elision (segmenting spoken words into smaller parts), Blending Words (blending individual presented segments into whole words), and Sound Matching (matching words on the basis of initial and final sounds) subtests. For 7 years and older, the Phonological Awareness composite score is composed of the Elision and Blending Words subtests. Verbal short-term memory was assessed with the CTOPP Nonword Repetition subtest. This test is an 18-item subtest that measures an individual's ability to repeat a series of nonwords that range in length from 3 to 15 sounds. All these measures have acceptable reliability and validity and good psychometric properties.
For the categorical analysis, we designated individuals as having dyslexia if they scored 1.5 standard deviations below the mean (standard score 78 or lower) on two of the three core reading tests (Word Attack, Word Identification, and Wide Range Achievement Test-III Reading subtests) or 1 standard deviation (standard score of 85) on the average of the three.
In total, 148 nuclear families were genotyped for this study; these families include 54 siblings, 120 families with both parents participating, and 28 families where one parent participated. Of the 202 probands and siblings that were recruited for this study, 83 of the probands and 18 of the siblings were classified as having dyslexia, as defined by our diagnostic criteria, and, therefore, were included in the categorical analysis. All the probands and siblings were used for the quantitative analysis. The characteristics of all of the probands and siblings in this sample are shown in Table 1 . The correlations between the reading and reading-related phenotypes are shown in Table 2 . The correlation coefficients were significant for all measures at the Po0.001 level, with the exception of CTOPP rapid digit naming and CTOPP non-word repetition that was significant at the Po0.015 level. The mean performance IQ of the subjects was 93.48, SD 13.78, and verbal IQ was 94.62, SD 13.15.
This protocol was approved by The Hospital for Sick Children (Toronto, Ontario) Research Ethics Board, and written informed consent was obtained for all participants.
Isolation of DNA and marker genotyping DNA was extracted directly from blood lymphocytes using a high-salt extraction method. 46 For the analysis, we used the two markers previously reported to be associated with dyslexia, À3G/A (rs3743205) and 1249G/T. 37 Of the other six markers reported in the Taipale et al paper, only one was reasonably polymorphic (G191E) and that marker showed no evidence for association. We genotyped two other markers (À2G/A and þ 4C/T), but these were not polymorphic in our sample. We therefore searched for all confirmed polymorphisms in public databases and for predesigned and tested assays from Applied Biosystems (ABI, Foster City, CA, USA, Assay-on-Demand by Applied Biosystems s ). We identified two markers in the ABI database and two in the NCBI SNP database (http://www.ncbi.nlm.-nih.gov/SNP/snp_ref.cgi?locusId ¼ 161582). The markers rs2007494, rs3743204, rs11629841, 1249G/T, and rs692691 were genotyped with the ABI 7900-HT Sequence Detection System s (Applied Biosystems) using the TaqMan 5 0 nuclease assay for allelic discrimination. Primer and probe sequences and annealing temperatures are listed in Table 3a . Reference sequences for Assay-on-Demand by Applied Biosystems s are also shown in Table 3b . The PCR reactions (10 ml volume) contained 30 ng of genomic DNA, 10 mmol of TaqMan s Universal PCR Master Mix (Applied Biosystems), and 0.25 ml of allelic discrimination mix (Applied Biosystems) containing 36 mM of each primer and 8 mM of each probe. The thermal cycling conditions were 501C for 2 min, 951C for P-values (two-tailed) are shown below the correlation coefficient. The À3G/A, À2G/A, and þ 4C/T DNA variants were genotyped using restriction enzyme analysis. Taipale et al classified these nucleotide changes according to their position 5 0 to the proposed translation initiation site in exon 2. We continued with this nomenclature for these three DNA variants to avoid confusion for this paper; however, it should be noted that these three DNA changes are all located within exon 2. The PCR reaction was performed in a total volume of 20 ml containing 100 ng of each primer (EKN1-3F: AGG GCT GGC GCA TGG T and EKN1-3R: GAG ACC GGC AGG CAA GAC), 0.2 mM dNTP, 1.5 mM magnesium chloride, and 0.5 U Taq polymerase. The PCR reaction consisted of an initial denaturing step at 941C for 3 min, followed by 35 cycles at 941C for 30 s, 601C for 30 s, and 721C for 30 s, followed by a 10 min extension step at 721C. PCR products (5 ml) were digested with 5 U of restriction enzyme (New England Biolabs, Beverly, MA, USA) at 371C for 1.5-2 h. Alleles were identified on 2% agarose gels. Individuals with the GG haplotype for the À3 and À2 DNA changes were identified by the creation of an MspI site. Individuals with the AG haplotype could be distinguished from the AA and GA haplotype by digestion with the restriction enzyme BsmI, which cuts both the GG and the GA haplotypes. The presence of the T at the þ 4C/ T polymorphism would also result in the loss of a BsmI site; therefore, the PCR product was digested with BsmAI to identify individuals with þ 4T. Neither the À2A nor the þ 4T alleles were observed in any of the individuals in this sample.
Statistical analysis
For the categorical analysis, the TDT statistic was calculated using the extended TDT (ETDT) program. 47 The transmission of the haplotypes was analyzed with the TRANSMIT program using the robust estimator option.
48 P values are reported only for the haplotypes with frequency greater than 0.10. For the analysis of the quantitative measures, the FBAT program was used. 49, 50 The statistic implemented in the FBAT program eliminates the need for assumptions about the phenotype distribution 50 and is not sensitive to the ascertainment strategy. 49 The analysis was run with the empirical variance option because of the previous evidence for linkage to this region, and data from siblings were used in the analysis. The additive model was used for FBAT as several studies have shown that the additive model performs well even when the true genetic model is not additive. Linkage disequilibrium (LD) between the markers was estimated using the ldmax program (http:// www.sph.umich.edu/csg/abecasis/GOLD/download/ index.html). Descriptive statistics and Pearson correlations were analyzed with SPSS (http:// www.spss.com/). Two-sided P-values were reported for all results. The phenotypic measures used for the quantitative analyses are highly correlated and the markers are in LD to each other; therefore, the correction for multiple tests using Bonferroni's correction is too conservative as these are not independent tests. Moreover, there is not a generally agreed approach about how to correct for this situation. As our objective was to replicate the findings of Taipale et al, and our primary analysis was a categorical approach using single markers, we decided to correct for the number of markers tested, adjusting the significance levels by the false discovery rate (FDR) method, the rate that the significance levels are truly null. 51 Then, as a consequence of our analysis of categorical results, we analyzed the markers using a quantitative approach as a secondary hypothesis: in this case, our analyses represent a hypothesis-generating approach, and were not corrected for multiple tests.
Results
We genotyped six markers spanning the coding region of EKN1 for this study; rs2007494 in intron 1, À3G/A in exon 2, rs3743204 in intron 2, rs11629841 and rs692691 in intron 4, and 1249G/T in exon 10 ( Figure  1 ). Of these markers, we found significant evidence for biased transmission of the alleles of one marker (rs11629841) to dyslexia as a categorical trait (Table 4) when analyzed individually (w 2 ¼ 5.586, 1 d.f., P ¼ 0.018), which remained significant (q ¼ 0.036) when corrected for multiple testing with the FDR method. We did not observe significant evidence for biased transmission of the alleles of the two markers (À3G/A, 1249G/T) previously reported to be associated with dyslexia; however, the number of informative transmissions for these markers was low (23 and 25, respectively). Figure 1 Position of polymorphic markers.
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To analyze the transmission of the haplotypes of the markers, we used a sliding window of two consecutive markers across the gene (Table 5) . Evidence for biased transmission of haplotypes was seen in the dyslexia sample for the markers rs11629841 with rs3743204 (haplotype C/G) and rs11629841 with rs692691 (T/T biased nontransmission and G/T biased transmission). We also analyzed the haplotypes composed of the À3G/A polymorphism and the G/T polymorphism at 1249 because of the previous association reported with a haplotype of these markers (Table 6 ). We observed significant evidence for biased transmission of the most common haplotype of À3G/1249G (w 2 ¼ 4.947, 1 d.f., P ¼ 0.026); however, the previous report of biased transmission was for the rare haplotype of À3A/1249T.
We analyzed the markers using quantitative analysis for key reading measures and reading-related processes in the entire sample (Table 7) . We found significant evidence for a relationship of the biased transmission of the alleles of the À3G/A polymorphism to the reading skills of phonological awareness (CTOPP phonological awareness composite score), phonological decoding (WRMT-R word attack), spelling (WRAT-III spelling) and word identification (WRMT-R word identification and WRAT-III reading). We also found significant evidence for a relationship of this marker to expressive and receptive language skills (CELF-3 expressive and receptive language composite scores), verbal short-term memory (CTOPP Nonword repetition), and rapid automatized naming (CTOPP rapid digit naming).
The degree of LD between the polymorphisms is shown in Table 8 . We observed significant LD across the gene as measured with D 0 with the exception of the rs692691 marker located in intron 4, where there was no evidence of LD between this marker and the rs2007494 marker in intron 1 or rs3743204 located in intron 2.
Discussion
In this paper, we investigated the EKN1 gene recently reported as the candidate gene for susceptibility to dyslexia located in the 15q21 region. The evidence that this gene is related to dyslexia was based on the finding of a translocation breakpoint in a family segregating dyslexia, and by positive results from association studies. 37 Specifically, the results were significant with two polymorphisms, both of which could potentially affect the function of the gene. The DNA change located at the À3 position could influence translation efficiency and the other change in the last exon results in a premature stop codon.
Biased transmission of a haplotype (À3A/1249T) of these two markers was also reported in a sample of nine informative trios.
In our sample of families, we did not find significant evidence for biased transmission of the specific alleles of these two polymorphisms using a categorical TDT approach; however, the number of informative transmissions was low. Quantitative analysis of reading and reading-related phenotypes was significant with biased transmission of the À3G allele. Our finding of biased transmission of the À3G allele contrasts with the previous finding of an association with the alternative allele (À3A) of this polymorphism in the study by Taipale et al.
Significant evidence was found for biased transmission of the alleles of the rs11629841 polymorphism and haplotypes of this marker with two additional markers (rs3743204 and rs692691). We also observed significant evidence for biased transmission of the haplotypes of the two markers previously reported to be associated with dyslexia (À3G/A and 1249G/T); however, the evidence was for biased transmission of the most common haplotype, À3G/1249G, not the more rare À3A/1249T haplotype as previously reported. The À3A/1249T haplotype was found in only 6.5% of the parental chromosomes in our study. Consequently, the number of informative transmissions was very low and there may not be sufficient power to detect an association.
The use of a quantitative approach allowed the use of the entire sample that essentially doubled the sample size (n ¼ 202 subjects) compared to the categorical analysis (n ¼ 101), thereby potentially increasing the power; however, the inclusion of individuals with less extreme phenotypic scores may also reduce the power. Power for tests dependent on LD such as the TDT are affected by multiple parameters including the contribution of the particular locus to the phenotype, distance between the disease and the marker locus, the age of the disease mutation, marker and disease locus mutation rates, population growth rates, and effective population sizes. On the other hand, empirical experience shows that LD between disease alleles and proximal markers is typically quite strong. 52 Our use of multiple markers for this gene and haplotype analysis also increases the power. The association study of the À3G/A marker by Taipale et al first identified an 28, 31 A number of factors can influence the linkage findings using quantitative measures including the ascertainment method, the measures of the phenotype chosen, and frequency and variance of the phenotype in the sample. 1 Our results for the quantitative analysis of this locus were significant for multiple components of the reading process: phonological awareness, phonological decoding, and word identification. The results were also significant for reading-related processes, verbal shortterm memory, rapid automatized naming, and receptive and expressive language ability, thus suggesting that this locus contributes to multiple reading and reading-related processes. This is perhaps not particularly surprising, given that the inter-trait correlations are high between reading-and language-related measures and that twin studies support evidence for common as well as independent genetic factors for these phenotypes [2] [3] [4] 12 As either of the À3G/A or the 1249G/T could potentially change the function of the EKN1 gene, Taipale et al suggested that either, or both, of these two DNA changes in combination could be contributing to dyslexia. Since our findings were not significant for these alleles and haplotype analyses supported the biased transmission of a different haplotype of these two markers, than previously reported, it is unlikely that these specific DNA changes are contributing to the phenotype. Therefore, continued screening of this gene is now required. The predicted coding regions of this gene have been previously screened for DNA changes in 20 Finnish probands. 37 Of the eight DNA changes identified in that study, only the À3G/A and 1249G/T polymorphisms were significantly associated with dyslexia. Therefore, the relevant DNA changes may be located in regulatory sequences, and the regions that must be screened may be quite large given that these regions have not yet been delineated. While the translocation breakpoint is located between exons 8 and 9 in the EKN1 gene, a positional effect influencing neighboring genes cannot be ruled out at this time and further fine-mapping studies of the region are called for to determine if nearby genes are potentially involved.
While our studies support this locus as contributing to dyslexia in our sample based on the significant evidence for biased transmission of the alleles of the rs11629841 polymorphism and haplotypes of this polymorphism, our results are not a direct replication of the previous Taipale et al study, because we did not observe association of the same alleles. Clearly, these are preliminary findings and further replication studies are necessary before definitive conclusions can be made. 
